Ischemic heart disease (IHD) has been linked to exposures to airborne particles with an aerodynamic diameter <2.5 μm (PM 2.5 ) in the ambient environment and in occupational settings. Routine industrial exposure monitoring, however, has traditionally focused on total particulate matter (TPM). To assess potential benefits of PM 2.5 monitoring, we compared the exposure-response relationships between both PM 2.5 and TPM and incidence of IHD in a cohort of active aluminum industry workers. To account for the presence of time varying confounding by health status we applied marginal structural Cox models in a cohort followed with medical claims data for IHD incidence from 1998 to 2012. Analyses were stratified by work process into smelters (n = 6,579) and fabrication (n = 7,432). Binary exposure was defined by the 10 th -percentile cut-off from the respective TPM and PM 2.5 exposure distributions for each work process. Hazard Ratios (HR) comparing always exposed above the exposure cut-off to always exposed below the cut-off were higher for PM 2.5 , with HRs of 1.70 (95% confidence interval (CI): 1.11-2.60) and 1.48 (95% CI: 1.02-2.13) in smelters and fabrication, respectively. For TPM, the HRs were 1.25 (95% CI: 0.89-1.77) and 1.25 (95% CI: 0.88-1.77) for smelters and fabrication respectively. Although TPM and PM 2.5 were highly correlated in this work environment, results indicate that, consistent with biologic plausibility, PM 2.5 is a stronger predictor of IHD risk than TPM. Cardiovascular risk management in the aluminum industry, and other similar work environments, could be better guided by exposure surveillance programs monitoring PM 2.5 .
Introduction
Exposure to airborne particulate matter has been linked with increased risk of cardiovascular disease in the general population and more recently in occupational settings [1] [2] [3] [4] [5] [6] . Particles of different sizes have different magnitudes of effect on cardiovascular health, with particulate matter with an aerodynamic diameter of less than 2.5 μm (PM 2.5 ) generally more strongly associated with adverse cardiovascular outcomes than larger particles [1, 7, 8] .
The U.S. Environmental Protection Agency (EPA) began regulating air quality standards for Total Suspended Particles (TSP) in 1971, and with the advent of new monitoring technologies and increasing evidence for the health effects of smaller particles, more likely to reach the lower regions of the respiratory tract, later begun regulating smaller particles. It introduced limits focusing on particles defined as particulate matter with an aerodynamic diameter of less than 10 μm (PM 10 ) in 1987 and finally first adopted standards for PM 2.5 in 1997 [9] (a fraction focusing mostly on combustion particles).
While most of the evidence of the adverse cardiovascular health effects of particulate exposures comes from general population studies of ambient air pollution, there have also been links reported in industrial settings, including the aluminum industry [4-6, 10, 11] . Exposures in occupational settings occur at much higher concentrations than ambient levels. Occupational exposure standards are usually based on composition and toxicity of specific exposure constituents rather than mass concentration or particle size. The Occupational Safety and Health Administration (OSHA) has standards for "particulates not otherwise regulated" with a Permissible Exposure Limit (PEL) of 15 mg/m 3 for total dust, and 5 mg/m 3 for the respirable fraction (defined as the sub fraction of inhaled particles that penetrates into the alveolar region of the lung [12] ). Cal OSHA requires and ACGIH recommends, a lower limit of 10 mg/m 3 for total and inhalable dust (defined as the fraction of airborne particles that enters the body through the nose and mouth corresponding to particles with aerodynamic diameter no greater than 100 μm [12] ) respectively, referencing eye, skin and respiratory irritation as relevant health effects [13] . Those values are orders of magnitude higher than comparable ambient air pollution standards. We have previously reported increased risk of ischemic heart disease (IHD) related to PM 2.5 exposures in a cohort of hourly workers in aluminum industry facilities [14] [15] [16] . Routine monitoring data for total particulate matter (TPM) were supplemented by research based PM 2.5 measurements and exposures to both were used to create a job exposure matrix (JEM) [17] . We examined the relationship between TPM and PM 2.5 concentrations in the JEM and contrast the two exposures as predictors of risk for incident ischemic heart disease (IHD) in this cohort.
Methods

Study Population
The study was approved by the institutional review boards of the participating institutions (University of California Berkeley and Stanford University). No informed consent was obtained as all data were de-identified and analyzed anonymously. The cohort has been described in detail elsewhere [14] . Briefly, health data were collected from hourly workers at 11 US facilities of one aluminum company, during the period from January 1, 1996 through December 31, 2012. Eligibility criteria included enrollment in the company x2019;s primary insurance plan and at least two years of employment as an hourly worker during the follow-up period. A two-year washout period was also implemented to rule out any prevalent ischemic heart disease cases. Follow-up began in 1998 (after the two-year washout period implementation), or January 1, 2003 for two of the participating facilities, due to a later acquisition of the facilities by the company. Subjects contributed person time beginning at start of follow-up or two years after their hire date if that came later than the start of follow-up. Participants were classified as either smelter or fabrication workers based on their work process type. Those participants with jobs requiring performance of tasks in both types of work processes were classified within the smelter subcohort. All analyses were stratified by work process type, as the two work processes differ significantly in particulate exposure in terms of concentration and sources [17] , but also in terms of placement practices as the company exercised a post-hire job placement program for smelters, designed to place higher-risk individuals in less physically demanding jobs [14] .
Exposure Assessment
Average annual concentrations (mg/m 3 ) for TPM were generated for distinct exposure groups within each work process to create a job exposure matrix. The estimates were based on more than 8000 personal industrial hygiene samples collected over 25 years by the company. Average annual PM 2.5 concentrations were also estimated for the same distinct exposure groups, based on co-located measurements of PM 2.5 and TPM personal exposures performed at 8 of the 11 facilities during 2010 and 2011. The exposure assessment and creation of the JEM are described in greater detail elsewhere [17] . Briefly, the JEM was based on personal samples collected randomly (rather than as part of a specific diagnostic evaluation or as targeted worst case). % of TPM composed of PM 2.5 was estimated from the co-located TPM and PM 2.5 measurements in the same subset of facilities. This estimate of % of TPM that is PM 2.5 was used to derive model estimates of PM 2.5 for distinct exposure groups in which no PM 2.5 measurements were taken. A total of 80 distinct exposure groups were standardized for smelters and 101 for fabrication respectively. A further 10 groups with mixed smelter and fabrication exposures were also standardized. Workers in these 10 groups were not included in previous analyses of this cohort [14] [15] [16] , but were included in the smelter subcohort in the current study leading to larger final sample size. The JEM was time invariant and no significant trends in exposure over time where observed for most jobs [18] . Personal exposures were assigned based on the job held at the beginning of each year. Time-varying exposures on the participant level were still possible as a result of changes in job held over time. Confidence levels were assigned to both TPM and PM 2.5 exposure values, with high level confidence assigned to those TPM exposure estimates derived from direct measurements as a data source as opposed to surrogate estimates or default values. High confidence PM 2.5 estimates were derived from direct measurements of TPM and % PM 2.5 , or direct TPM measurements and estimated % PM 2.5 based on information from similar exposure groups. The primary analysis was restricted to person-time with high confidence exposure estimates. Exposure was dichotomized into binary variables. In the absence of an appropriate external referent value as occupational limits are higher than more than 95% of the observed exposures (or not available for the case of PM 2.5 ), we used exposure distribution based cut-offs as was the case in previous studies in this cohort [15, 16] . Binary exposure variables were created using the 10 th percentile of the respective TPM and PM 2.5 average annual exposure distributions as a cut-off, while cut-offs at the 25 th percentile were assessed in a sensitivity analysis. We also examined a multi-category exposure variable, with values below the 10 th percentile as the referent category and four additional categories, divided based on the quartiles of the remainder of the exposure distribution.
Outcome Assessment and Covariates
Incident IHD cases were ascertained from medical claims data through December 31st 2012. IHD cases were defined as subjects with insurance claims for relevant procedures (i.e., revascularization, angioplasty, bypass), hospitalization for 2 or more days, or face-to-face visits with International Classification of Diseases, Ninth Revision, admission codes for IHD (codes 410-414) or death from IHD (identified by International Classification of Diseases, Ninth Revision, codes 410-414 or International Classification of Diseases, Tenth Revision, codes I20-I25) while actively employed and without any previous incident IHD event. Termination of active employment with the company, transition to salary (as opposed to hourly worker) prior to the end of follow-up, and death from competing causes were possible censoring events. Information was also available for age, sex, race, and job grade through employment records. Data on smoking status, height, and weight were collected at occupational health clinics located at each of the facilities, and availability varied by facility. Additionally, a time varying comprehensive health risk-score variable was available during follow-up. This claims-based variable was derived using a proprietary algorithm, initially to predict health expenditures, but has been found to be a strong predictor of a variety of health outcomes such as asthma, diabetes, hypertension and IHD in this cohort [19] . It is used in our analysis as a time-varying indicator of overall health status.
Statistical Analyses
We previously reported presence of time varying confounding by health status affected by previous exposure in the smelter subcohort [15] . We used marginal structural Cox models and inverse probability weights to address this bias and the same approach is used in this study. Analyses for each of TPM and PM 2.5 as the primary exposure were identical but for the exposure variables. Inverse probability exposure weights were estimated though a pooled logistic model for annual exposure. The exposure model included variables for attained age, sex, race, plant, job grade, smoking status, body mass index (BMI), the risk score variable (recoded into deciles), and a variable for exposure in the previous year. We used the model-predicted probabilities of exposure to assign subject specific time dependent weights to each person-year. The weights were equal to the cumulative product of the inverse of the model-predicted probability that each person received their observed exposure history through each time point. Estimation of inverse probability weights in described in greater detail elsewhere [20, 21] . Stabilized weights were estimated, with the time varying risk score variable excluded from the models for the numerator of the weights [22] . The same approach was used with multilevel logistic models in the case of the multi-category exposure variables.
Cox regression models were subsequently used with the weighted population, with attained age as the time-scale of interest. The same covariates were added as with the exposure models, with the exception of risk score, which was controlled for through weighting. Unweighted Cox models were used for multilevel exposure variables in the fabrication subcohort, as weighted models were not stable. Previous findings indicate that use of inverse probability weights to control for time varying health status does not affect estimates in the fabrication subcohort [15] . The proportional hazard assumption was tested using predictor and time interactions and Schoenfeld residuals. We also stratified Cox models by categorical variables for age. Further sensitivity analyses included evaluation of exposure cut-offs at the 25 th percentile, and restriction to person time with high confidence exposure values for the PM 2.5 exposure metrics, which is more restrictive than the TPM metric; high confidence PM 2.5 exposures accounted for 8,079 fewer person-years and 91 fewer cases than high confidence TPM exposures in the smelter subcohort and 6,667 fewer person-years and 56 fewer cases in fabrication. Multiple imputation using the MI procedure in SAS, version 9.4, software (SAS Institute, Inc., Cary, North Carolina) was used to impute missing data for smoking (33% missing) and BMI (20% missing). BMI values were imputed using the expectation-maximization algorithm. Smoking status was subsequently imputed using the logistic regression method. All analyses were performed using SAS software (version 9.4, SAS Institute, Inc., Cary, North Carolina). Table 1 summarizes demographic characteristics in the population, stratified by work process. Of 15,692 eligible workers at the participating facilities, 1,681 (10.7%) were excluded because of lack of high confidence exposure data. The final sample size for the smelter subcohort was 6,579 and 7,432 for the fabrication subcohort, with 502 (7.6%) and 556 (7.5%) IHD cases in each respective subcohort. The cohort was predominantly composed of white men. Baseline health characteristics were comparable in the two types of work processes.
Results
Average TPM and PM 2.5 concentrations were greater in smelters compared to fabrication. (Fig 1) . The R-squared on the person-time level (TPM and PM 2.5 values per person-year in the cohort) was 0.87 in the smelters and 0.71 in fabrication. % PM 2.5 was highly variable with respect to TPM concentrations with a slight indication for a downward trend in both facility types (Fig 2) . R-squared values for TPM and % PM 2.5 were much lower. Beanplots (a more detailed data distribution tool, alternative to the boxplot [23] ) of the distributions of the two particle size concentrations in each work process are illustrated in (Fig 3) . Pearson correlation coefficients for the binary exposure variables used in the primary analysis were 0.81 for the smelter subcohort and 0.74 for fabrication. When comparing the two binary exposure variables, of the 4,326 person-years in the smelters that were below the 10 th percentile of PM 2.5 , 1,355 (31%) were above the 10 th percentile of TPM. In fabrication, of the 5,320 person-years that were below the 10 th percentile of PM 2.5 , 1,541 (29%) were above the 10 th percentile of TPM, while a further 722 person-years were below the 10 th percentile for TPM but above the 10 th percentile PM 2.5 .
The Hazard Ratio (HR) comparing always exposed above the 10 th percentile of TPM exposure in the smelters was 1.27 (95% confidence interval (CI): 0.90-1.80), while for PM 2.5 the HR was 1.70 (95% CI: 1.11-2.60). The corresponding numbers in the fabricator subcohort were 1.25 (95% CI: 0.88-1.77) and 1.48 (95% CI: 1.02-2.13) respectively (Table 2 ). Higher exposure cut-offs (25 th percentile) resulted in attenuated HRs for both exposures but the results for PM 2.5 were still elevated compared to TPM in the smelters. HRs from the multicategory exposure variable analysis for both exposures are summarized in (Table 3) . Effect estimates were consistently higher for PM 2.5 compared to TPM, in both subcohorts, but no monotonic exposure-response was evident. Effect estimates were similar for all quartiles of PM 2.5 exposures compared to the referent category, while effect estimates for TPM exposures were lower for the two highest quartiles. Restriction to person time based on PM 2.5 exposure confidence levels did not greatly affect results for TPM exposures. There was no evidence for violation of the proportional hazards assumption: global Chi-square tests for predictor×time interactions were negative and Schoenfeld residual plots did not indicate substantial deviations from proportionality.
Discussion
The objective of most industrial exposure monitoring programs is compliance with recommended guidelines or regulated exposure limits. OSHA has permissible exposure limit (PEL) for PM classified as particulates not otherwise regulated, or inert dust, for TPM and for the respirable fraction, with lung disease as the relevant health effect [13] . Mounting evidence, however, suggests that it is the smaller sized particles in the ambient environment that pose the greatest health risks, especially traffic-related PM 2.5 and increased risk of cardiovascular disease [1, 3, 24, 25] . Effect estimates for IHD risk associated with occupational PM 2.5 exposures in the aluminum industry were statistically significant and greater in magnitude than TPM exposures, indicating that PM 2.5 is a stronger predictor of IHD, despite high correlation between the two exposures. The findings of the current study support the conclusion that fine particles are more strongly associated with cardiovascular disease in this occupational setting. The excess observed risk associated with particulate exposures is also of concern as there is no evidence of decreasing exposures over time in the aluminum industry [18, 26] , and the observed exposures in this study are orders of magnitude lower than existing PELs. We observed increased risk of IHD in relation to increased particulate exposure for both size fractions, but with higher and statistically significant effect estimates only for PM 2.5 in both fabrication and smelters. Hazard Ratios for the risk of IHD associated with TPM above binary exposure cut-offs, set at a level much lower than the current OSHA PEL, were elevated, but 95% CIs included the null. When we looked at quartiles of exposure, the effect estimates did not increase monotonically. Absence of a clear monotonic exposure-response with either particle size fraction may be due to increased exposure misclassification at higher levels of Abbreviations: TPM = total particulate matter; PM 2.5 = particulate matter with an aerodynamic diameter <2.5 μm; HR = hazard ratio; CI: confidence interval.
*Results for smelters are from Cox models with inverse probability weights for the exposure while for fabrication results are from unweighted conditional Cox models, adjusting for time-varying risk score. exposure-workers in highly exposed jobs may be more likely to use a respirator, which was not accounted for in the JEM estimates for this study. Alternatively, a plateau in the magnitude of the HRs observed at higher exposures may be true [27] , as has been observed in cigarette smoking and heart disease [28] . In addition to lack of information on respirator use, another potential limitation is the absence of PM 2.5 measurements for a number of the exposure groups in the JEM. We restricted the analysis to person-time with exposure values based at least on TPM measurements (high confidence) to limit bias due to exposure misclassification. We have no reason to believe that exposure groups without direct PM 2.5 measurements are differentially related to health outcomes. A further limitation of this study is the limited generalizability of quantitative effects of specific exposure levels as the exposure groups compared are specific to the exposure distribution in this cohort. However, the qualitative difference in the respective effect estimates for PM 2.5 and TPM is nevertheless an important finding. Most participants in this cohort did not develop the outcome or reach administrative end of follow-up in 2012, since subjects were censored at termination of active employment. Sensitivity analysis using censoring weights to account for potentially informative censoring did not greatly affect estimates in a previous study [15] , so no adjustments were made in the current study. One of the strengths of this study was the wealth of information on many potential confounders not usually available in occupational studies. In particular, a comprehensive risk score variable [19] is a considerable strength. The risk score was created to predict health expenditures by the insurance carrier, using a proprietary algorithm. This time-varying measure of underlying health status allowed us to both examine and control for the presence of healthy worker survivor effect, an important bias in occupational epidemiology.
A high overall correlation between the two size fractions of PM might lead us to expect a small difference in the effect estimates for heart disease. The difference between HRs for TPM and PM 2.5 , however, was greater in the smelters where the correlation was higher than in fabrication. This difference between the differences in HRs might be because all the discordant pairs in the smelters involved person time below the PM 2.5 exposure cut-off but above the TPM cutoff, whereas in fabrication the opposite was also true.
In the multilevel categorical analysis in the smelters, HRs comparing the risk of the two highest quartiles of exposure for TPM with a reference group were attenuated compared to the HRs for the two lowest quartiles. By contrast, the effect estimates for PM 2.5 appeared more constant across the four exposure quartiles. This may suggest that TPM becomes a poorer surrogate for finer particles with increasing concentrations in the smelter subcohort.
Though the correlations between TPM and PM 2.5 concentrations for specific exposure groups within each of the two facility types were high, PM 2.5 as a % of TPM was quite variable across distinct exposure groups. The shapes of the distributions for the two particle size fractions were also similar within work process type. However, there appeared to be more exposure groups with high TPM values than with high PM 2.5 values, especially in the smelters. This was consistent with an observed downward trend in the relationship between TPM and % PM 2.5 concentration; % PM 2.5 tended to be lower in exposure groups with higher TPM.
Smaller sized particles are thought to be more harmful to cardiovascular health, because they penetrate deeply into the lung, have increased surface area per mass and potentially increased reactivity. Furthermore, smaller particles are typically the product of combustion of fossil fuels as well as industrial processes that generate trace metals and organic compounds thought to be more relevant in promoting cardiovascular disease than nuisance dust [1, 3, 24] . In the occupational setting of the current study, particulate exposures arise from a variety of sources including inorganic dusts, metals, fumes, metalworking fluids, and lubrication oils. For example, grinding is more likely to produce larger particles, in contrast to welding or direct combustion processes in aluminum smelting that produce smaller particles [17] . A previous study of particle size within these same facilities, showed high variability in particle size distribution across different production areas, especially in the smelters [29] . The high variability in particle size distributions across jobs limits the utility of particles in one size fraction (e.g. TPM) as a surrogate for another size fraction (e.g. PM 2.5 ).
The increasing health concerns about smaller sized particles extend to ultrafine particles (UFPs), <0.1 μm in diameter [1, 25, [30] [31] [32] . Smelting processes in the aluminum industry produce high counts of particles in the ultrafine range [33, 34] but exposure assessment in this cohort suggests that UFPs may be generated in some areas of fabrication as well [29] . Future assessment of exposure to fine and ultrafine particles and their potential health effects, as well as a more in depth analysis of associations between specific chemicals and health outcomes in this industry will contribute towards the design of more effective exposure monitoring and control approaches.
Conclusion
In this study, we observed an increased risk of incident IHD in relation to occupational exposure to PM in a prospective cohort study in the aluminum industry and, consistent with biologic plausibility, a higher risk for PM 2.5 than for TPM. Based on these results, and given the highly variable distribution of particle sizes across jobs and processes in this industry, cardiovascular disease risk management would likely benefit from more targeted exposure monitoring.
